INTRODUCTION
Apoptotic cell death is a universal mechanism for multicellular organisms to regulate appropriate growth during development, tissue homeostasis, and toxic stress through the elimination of cells (Harbour and Dean 2000) . Apoptosis can be initiated by many extracellular and intracellular signal molecules or physiological and pathological inducers, including hypoxia that occurs during acute and chronic vascular diseases, pulmonary diseases, cancer, and others (Harris 2002; Nagarajah et al., 2004; Weinmann et al., 2004) . It has been reported that severe hypoxia can induce widespread tumor cell apoptosis (Gee et al., 1999) . During hypoxia, cells initiate apoptosis to prevent the accumulation of cells with hypoxia-induced mutation (Huang et al., 2007) , presumably because hypoxia induces genetic instability by the induction of fragile sites causing gene amplification (Coquelle et al., 1998) and reduces DNA mismatch repair activity (Perou et al., 2000) . Therefore, to understand the mechanisms involved in hypoxia-induced apoptosis would have significant clinic and therapeutic values.
E2F transcription factors play crucial roles in the regulation of cellular proliferation, differentiation, and cell fate ). E2F family contains 10 genes that encode E2F (1-8) and DP (1-2) proteins (DeGregori 2002). E2F6, a recently identified E2F family member, is believed to repress E2F-responsive genes (Cartwright et al., 1998; Gaubatz et al., 1998; Trimarchi et al., 1998) . The structural feature of E2F6 compared with other E2Fs is that it lacks the sequences required for transactivative activity and the pocket protein binding domain (Gaubatz et al., 1998; Trimarchi et al., 1998) . E2F6 shares significant homology with other E2Fs and forms heterodimers with DP proteins that recognize E2F consensus sites (TTTCGCGC) but present a preference for the TTTC-CCGC E2F recognition site (Cartwright et al., 1998) . Thus, it may compete with activating E2Fs for downstream target promoters. However, the biological roles of E2F6 have not yet been fully understood. E2F6 actively represses the transcription of E2F1-responsive genes through its ability to recruit the polycomb transcriptional repressor complex via the C-terminal repression domain (Trimarchi et al., 2001 ). It has also been shown that E2F6 increases the percentage of cells in S phase and, when overexpressed, it inhibits S phase entry of quiescent cells and induces subsequent proliferate arrest (Cartwright et al., 1998; Gaubatz et al., 1998; Kherrouche et al., 2001) . We demonstrated recently that E2F6 can negatively regulate DNA damage-induced apoptosis via modulation of BRCA1 through its C terminus (Yang et al., 2007) , whereas the implication of E2F6 in hypoxia-induced apoptosis remains to be identified. E2F1, the founding member of E2F family, has an apparently unique ability to induce apoptosis. Ectopic expression This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08 -02-0171) on June 18, 2008. of E2F1 leads to apoptosis in culture cells (Qin et al., 1994; Kowalik et al., 1998) and transgenic mice (Guy et al., 1996; Holmberg et al., 1998) . The observation of pRb-mediated protection from hypoxia-induced apoptosis in cardiomyocytes through neutralization of E2F1 transactivation potential (Hauck et al., 2002) suggests that transrepression of E2F1-controlled genes is required for cell survival. E2F1-induced apoptosis occurs via multiple pathways. Among them, E2F1/apoptosis protease-activating factor 1 (Apaf-1)/ caspases pathway plays an important role in E2F1-induced apoptosis because E2F1-induced apoptosis is significantly reduced by inhibitors of caspase activity or by gene disruption of Apaf-1 (Yang et al., 2000; Furukawa et al., 2002) . However, the importance of this pathway in E2F6-regulated apoptosis remains unknown.
Cobalt chloride (CoCl 2 ) can mimic hypoxic responses in many respects, including the induction of apoptosis in different types of cells (Zou et al., 2002; Jung and Kim 2004; Guo et al., 2006) . Therefore, in the present study, we used CoCl 2 -treated human embryonic kidney (HEK) 293 cells as a model to investigate the biological role of E2F6 in regulation of hypoxia-induced apoptosis and molecular pathways involved. Dose-and time-dependent relationships between expression of E2F6 and E2F1 during CoCl 2 -induced apoptosis were examined. Furthermore, the functional regulation between E2F6 and E2F1 and the regulatory region of E2F6 in CoCl 2 -induced apoptosis were identified by overexpression of wild-type and mutant E2F6 and RNA interference-mediated knockdown of E2F6 expression, combined with the cells stably expressing E2F1 and luciferase reporter assay. We demonstrate the important roles of E2F6 in hypoxia-induced apoptosis and provide evidence for the regulatory mechanisms of functional link between E2F6 and hypoxia-induced apoptosis via its modulation of E2F1/Apaf-1 pathway.
MATERIALS AND METHODS

Cell Culture and Hypoxia Treatment
A human embryonic kidney cell line, HEK293, was cultivated in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in 5% CO 2 (Fan et al., 2005) . For hypoxia treatment, CoCl 2 at 200-1000 M was added into media or incubated for 3-48 h, respectively. All cultivation medium and other substances for cell cultures were purchased from Invitrogen (Paisley, United Kingdom).
Plasmid Construction and Transfection
The plasmids pcDNA3-HA-E2F6 (E2F6 cDNA construct), pcDNA3-HA-E2F6⌬C (⌬220-281, lacking the repression domain), and pcDNA3-HA-E2F6.E68 (with a point mutant of amino acid in position 68) were provided by Prof. David M. Livingston (Harvard Medical School, Boston, MA; Gaubatz et al., 1998) . The plasmids pcDNA3.1-E2F1 and pcDNA3.1-E2F1 (1-374, lacking transactivation domain) were obtained from Prof. Ludger Hauck (Humboldt University, Berlin, Germany; Hauck et al., 2002) . To generate enhanced green fluorescent protein (EGFP)-containing E2F6wt, E2F6⌬C and E2F6.E68 expression vectors, an EcoR I-Xab I cytomegalovirus (CMV)-EGFP-containing fragment from pAdtrack-CMV (Qbiogene, Irvine, CA) was subcloned into pcDNA3-HA-E2F6, pcDNA3-HA-E2F6⌬C, and pcDNA3-HA-E2F6.E68, respectively. At 24 h before transfection, cells were seeded onto six-well culture plates and transfected at a 70 -80% confluence with 1 g of plasmid DNA each by using Polyfect transfection regent (QIAGEN, Hilden, Germany) according to manufacturer's instructions. Transfection efficiency was evaluated by the percentage of green fluorescent protein-positive cells. To generate stable clones expressing E2F1, cells were transfected with pcDNA3.1-E2F1 and pcDNA3.1 empty vector by using Polyfect transfection regent (QIAGEN) after linearization. Transfected cells were selected by G418 (neomycin) as described previously (Lyons et al., 2005) . Neo-resistant clones were picked after 8 -10 d of G418 selection and propagated. Overexpression of E2F1 in cells stably expressing E2F1 was confirmed by Western blot using antibody for E2F1 (Supplemental Figure 2) .
Small Interfering RNA (siRNA) Transfection
At 24 h before transfection, HEK293 cells were plated on six-well culture plates and transfected with siRNAs at 70 -80% confluence. Double-stranded siRNAs were purchased from GenePharma and included siE2F6 (AAG-GAUUGUGCUCAGCAGCUG-custom order), or scrambled siE2F6 (GGUU-GUGUGUACCAACCGGAA-custom order) as nonspecific control siRNA (NS). Transfections were performed with RNAiFect reagent (QIAGEN) according to manufacturers' instructions. RT-PCR and Western analysis were performed as described below to verify the efficiency of the siRNA.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis
Total cell RNA was extracted from monolayer cells by using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA (0.5 g) was converted to cDNA by using Superscript II reverse transcriptase (Invitrogen) in a final volume of 20 l, and 0.4 l of this was used for each PCR reaction. Semiquantitative PCR was performed using Taq DNA polymerase (Promega, Madison, WI) in a Mastercycler gradient (Eppendorf, Hamburg, Germany) under the following conditions: 5 min at 95°C followed by 35 cycles. Each cycle consisted of denaturation at 95°C for 45 s, annealing at 55°C for 40 s, and extension at 72°C for 40 s. After completion of the last cycle, there was an autoextension for 5 min at 72°C. PCR products were visualized on a 1% agarose gel containing ethidium bromide. The primers of Apaf-1 (forward, 5Ј-AGCCCACTCAACAGCAAA-3Ј and reverse, 5Ј-ACCCATCCTGGTTCA-CCT-3Ј) and the housekeeping gene m28s (forward, 5Ј-AGCAGCCGACTTA-GAACTGG-3Ј and reverse, 5Ј-TAGGGACAGTGGGAATCTCG-3Ј) were used.
DNA Fragmentation Assay
DNA fragmentation was determined according to previous methods, with slight modifications (Wyllie and Morris 1982; Yang et al., 2007) . In brief, floating and attached cells (3-4 ϫ 10 6 ) were lysed in 500 l of TTE buffer (containing 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and 0.2% Triton X-100). Lysates were centrifuged at 13,000 ϫ g for 15 min, and the supernatants containing low-molecular-weight fragmented DNA were collected. RNA was removed by addition of RNase A (0.25 g/l) and incubated at 37°C for 1 h. The DNA was deproteinized by one extraction in phenol:chloroform:isoamylalcohol (25:24:1) and two extractions in chloroform:isoamylalcohol (24:1), followed by precipitation at Ϫ20°C in 50% isopropanol and 130 mM NaCl. DNA was visualized on a 2% agarose gel containing ethidium bromide.
Flow Cytometry Analysis
Samples were prepared for flow cytometry as described previously (Zhang et al., 2005) . Briefly, 1 ϫ 10 6 treated cells were fixed in cold 70% ethanol for 30 min, treated with 100 g/ml DNase-free RNase A (Sigma Chemie, Deisenhofen, Germany), and labeled with 50 g/ml propidium iodine (Sigma Chemie). Cells were then analyzed by fluorescence-activated cell sorting (FACS) (FACStar Plus flow cytometer; BD Biosciences, San Jose, CA).
Measurement of Caspase-3 Activity
Caspase-3 activity was measured using the CaspACETM colorimetric assay system (Promega) according to the manufacturer's instructions. Briefly, cells were harvested and resuspended in cell lysis buffer (2 ϫ 10 7 /ml). Lysates were centrifuged (16,000 ϫ g) for 10 min at 4°C. Then, 10 l of supernatant was mixed with 80 l of assay buffer and 10 l of 2 mM Asp-Glu-Val-Aspp-nitroanilide substrate. After incubation at 37°C for 2-4 h, absorbance was measured using a microplate reader at 405 nm. Absorbance of each sample was determined by subtraction of the mean absorbance of the blank from that of the sample.
Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling (TUNEL) Assay
Apoptosis-induced nuclear DNA fragmentation was detected by TUNEL technique using the In Situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. Briefly, cells were fixed with a freshly prepared paraformaldehyde solution (4% in phosphate-buffered saline [PBS], pH 7.4) at 15-25°C for 1 h. The samples were washed three times with PBS and permeabilized by 0.2% Triton X-100 in PBS for 2 min on ice. After being washed twice, cells were incubated in the presence of TUNEL reaction mixture at 37°C for 60 min in the dark. The samples were washed three times with PBS and analyzed by flow cytometry analysis.
Western Blotting
Cells were lysed as described previously (Scully et al., 1997) . Cell lysates or immunoprecipitates were separated on 12% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA). Membranes were incubated overnight at 4°C with antibodies: mouse anti-E2F1 (1:1000; BD Biosciences), goat anti-E2F6 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), or mouse anti-actin (1:1000; Sigma Chemie), and then incubated with horseradish peroxidase-linked secondary anti-mouse (1:4000 for E2F1 and 1:8000 for actin; Sigma Chemie) and anti-goat (1:2000 for E2F6; Sigma Chemie), respectively.
Coimmunoprecipitation Assay
Cells were lysed in lysis buffer containing 25 mM Tris, pH 7.6, 150 mM NaCl, 1 mM NaF, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol (Sigma Chemie), 1 mM sodium orthovanadate, and 1 g/ml proteinase inhibitor mixture (Sigma Chemie), as described previously (Zhan et al., 2002) . Immunoprecipitations were performed as described previously by using 1 g of goat anti-E2F6 (Santa Cruz Biotechnology), mouse anti-E2F1 (BD Biosciences), normal mouse immunoglobulin G (IgG), or normal goat IgG antibodies (Santa Cruz Biotechnology), respectively, with end-over-end mixing at 4°C for 6 h. Protein G-agarose beads (20 l; Santa Cruz Biotechnology) were then added, and the reaction mixtures were mixed further at 4°C for 1 h. Immunoprecipitates were separated from the supernatant by centrifugation and washed with PBS containing 0.05% Nonidet P-40. Proteins eluted from the agarose beads were boiled in 1ϫ SDS gel-loading buffer and resolved on 12% SDS-PAGE.
Chromatin Immunoprecipitation (ChIP)
The ChIP assay was performed as described previously (Hsieh et al., 2002) on HEK293 cells with the following exceptions. The chromatin was sheared to an average size of 500-2000 base pairs. After cross-linking reversal and proteinase K digestion, individual immunoprecipitate was purified to isolate DNA using a QIAquik PCR purification kit (QIAGEN) according to the manufacturer's instructions. The ChIP-enriched DNA was amplified by PCR with specific primers for E2F1 promoter (forward, 5Ј-GCAGCAGTGGGCAA-TAGA-3Ј and reverse, 5Ј-CACCGGAATCCCTGTAAT-3Ј) and Apaf-1 promoter (forward, 5Ј-GCCCCGACTTCTTCCGGCTCTTCA-3Ј and reverse, 5Ј-GAGCTGGCAGCTGAAAGACTCA-3Ј; Furukawa et al., 2002) . E2F6 (Santa Cruz Biotechnology) or E2F1 (BD Biosciences) antibodies are used in ChIP assays.
Reporter Gene Assays
To create E2F-SV40 luciferase reporter construct, E2F-SV40-Luc (firefly), the oligonucleotide 5Ј-CTAGCAGCTGCTGCGATTTCGCGCCAAACTTGACG-3Ј, which contains an E2F site (Ϫ20 to ϩ9 from the dihydrofolate reductase [DHFR] promoter) was inserted into the vector pGL3-promoter containing simian virus 40 (SV40) promoter in the upstream of the luciferase cDNA (Promega; Slansky et al., 1993) . All transfections were performed with Polyfect transfection regent (QIAGEN) according to manufacturer's instructions. HEK293 cells were seeded at a density of 3 ϫ 10 5 cells on six-well plates and incubated for one night. The next day, cells were transfected with 600 ng of E2F-SV40-Luc (firefly) and 40 ng of SV40-Luc (Renilla). 24 h later, cells were treated with CoCl 2 at different doses and incubation times. After 24 h, luciferase activity was determined as the protocol of dual-luciferase reporter assay (Promega).
Statistical Analysis
All data are expressed as mean Ϯ SEM. Data were analyzed using one-way analysis of variance and Fisher's protected least significant difference test for multiple comparisons (SPSS 10.0; SPSS, Chicago, IL). p Ͻ 0.05 was considered to be statistically significant.
RESULTS
Differential Expression Patterns of E2F6 and E2F1 in CoCl 2 -induced Apoptosis
To evaluate the roles of E2F6 and E2F1 in hypoxia-induced apoptosis, the expression patterns of E2F6 and E2F1 were examined in HEK293 cells treated with different doses of CoCl 2 (0, 200, 400, 600, 800, and 1000 M) for 24 h or with different time (0, 3, 6, 12, 24 , and 48 h) at 800 M CoCl 2 . Significant apoptosis was detected in the cells treated with Ն600 M CoCl 2 for 24 h in a dose-dependent manner and in cells treated with 800 M CoCl 2 for Ն12 h in a time-dependent manner, as measured by nuclear morphology (condensed and wizened chromatin or apoptotic bodies; Figure  1A ). In the same set of experiments, CoCl 2 treatment resulted in a significant down-regulation of E2F6 expression at 600 M or higher doses, whereas E2F1 expression was upregulated with increased doses of CoCl 2 . Similarly, E2F6 expression decreased greatly with a concurrent increase in E2F1 expression after the increased CoCl 2 treatment time Ն12 h at 800 M ( Figure 1B) . Together, these results suggest that the down-regulation of E2F6 expression may be associated with hypoxia-induced apoptosis via deregulation of E2F1.
E2F6 Negatively Regulates CoCl 2 -induced Apoptosis
To confirm the role of E2F6 in the regulation of hypoxiainduced apoptosis, we examined apoptotic responses after overexpression of wild-type E2F6 or knockdown of E2F6 by using siRNA. HEK293 cells were transfected with constructs that express EGFP (vector) or full-length wild-type E2F6-EGFP (E2F6wt), or transfected with nonspecific siRNA (NS) or E2F6-specific siRNA (siE2F6) with or without CoCl 2 treatment. RT-PCR and Western blot analysis confirmed the efficiency of specific knockdown of endogenous E2F6 by siE2F6 (Supplemental Figure 1) . Fewer E2F6wt-expressing cells demonstrated apoptotic morphology and nuclear changes than did vector-expressing cells at 24 h after CoCl 2 treatment (800 M), whereas siE2F6-transfected cells showed more apoptotic changes than did cells transfected with NS (Figure 2, A and B) . Consistently, ectopic E2F6 significantly reduced the percentage of cells in hypodiploid DNA peak (sub-G1 population) analyzed by flow cytometry (fluorescence-activated cell sorting [FACS] ; Figure 2C ) and the fragmentation of genomic DNA, a typical pattern of apoptosis ( Figure 2D ), seen in CoCl 2 -treated vector-transfected cells. In contrast, siE2F6 transfection accumulated more cells in the sub-G1 population ( Figure 2C ) and enhanced DNA fragmentation after CoCl 2 treatment (Figure 2D). These results reveal a functional role of E2F6 in the regulation of the apoptotic response to hypoxia, i.e., downregulation of endogenous E2F6 facilitates the progress of hypoxia-induced apoptosis.
E2F6 Abolishes CoCl 2 -induced Increases of E2F1 Expression and Transactivation
Activation of E2F1-dependent gene transcription is required for apoptosis in cardiomyocytes (Hauck et al., 2002) . This suggests that transrepression of E2F1-controlled genes is beneficial in cell survival. To demonstrate the functional relationship between E2F6 and E2F1 during hypoxia-induced apoptosis, we then examined the activity of E2F1 transactivation in HEK293 cells treated with different doses of CoCl 2 for 24 h or 800 M of CoCl 2 for different times. To detect such activity of E2F1, we constructed a luciferase reporter driven by SV40. Because E2F1 up-regulates DHFR transcription via binding to E2F site within its promoter (Slansky et al., 1993) , the oligonucleotide containing an E2F site (Ϫ20 to ϩ9 from the DHFR promoter) was inserted into the upstream of SV40 to control luciferase activity (E2F-SV40). As shown in Figure 3A , CoCl 2 at 600 M and higher doses led to a dose-dependent increase in luciferase activity driven by E2F-SV40. Similarly, CoCl 2 at 800 M increased luciferase activity in a time-dependent manner. Next, we examined the effects of E2F6 overexpression or specific knockdown on the expression and transactivation of E2F1. As shown in Figure 3 , B and C, CoCl 2 -induced increases in E2F1 expression and E2F-SV40-driven luciferase activity were abrogated in E2F6wt cells, whereas cells with siE2F6 treatment enhanced E2F1 protein level and luciferase activity with or without CoCl 2 treatment. To further determine whether E2F1 transactivation is required for CoCl 2 -induced apoptosis, HEK293 cells were transfected with or without control vector, wild-type E2F1 (E2F1wt), or mutant E2F1 lacking transactivation domain [E2F1 (1-374)] and then treated with 800 M CoCl 2 for 24 h. Cells expressing E2F1wt had more apoptotic nucleus and TUNEL-positive cells as well as higher caspase-3 activity compared with the cells without (control) or with the transfection of vector after CoCl 2 treatment. Conversely, overexpression of transcriptionally inactive E2F1 (1-374) partially rescued HEK293 cells from apoptosis ( Figure 3D ). Thus, E2F6 may negatively regulate apoptosis by modulation of hypoxia-induced E2F1 expression and transactivation.
E2F6 Transcriptionally Regulates E2F1 Expression in CoCl 2 -induced Apoptosis
Because E2F6 can transcriptionally repress E2F1 transcription (Gaubatz et al., 1998) , we then asked whether increased E2F1 expression by hypoxia is due to the decreased repression of E2F6 on E2F1 promoter. To determine this, we performed ChIP assay to examine the recruitment of E2F6 to the E2F1 promoter. We found that E2F1 promoter was greatly enriched by the E2F6 antibody without CoCl 2 treatment. Such binding was significantly decreased after CoCl 2 treatment and decreased further by siE2F6 treatment. However, more recruitment of E2F6 to E2F1 promoter was detected in cells overexpressing E2F6wt (Figure 4 ). These data indicate that E2F6 can bind to E2F1 promoter, but the recruitment of E2F6 to the E2F1 promoter is mitigated by hypoxia treatment.
E2F1 Overexpression Attenuates Antiapoptotic Activity of E2F6
To further evaluate the contribution of E2F1 to E2F6-regulated apoptosis, we examined the effects of E2F6 overexpression on CoCl 2 -induced transactivation of E2F1 and apoptosis in HEK293 cells stably expressing E2F1. As shown in Figure 5 , A and B, cells stably expressing E2F1 (HEK293-E2F1) had higher E2F-SV40-driven luciferase activity and more apoptosis than those expressing control vector (HEK293- Recruitment of E2F6 to E2F1 promoter is decreased by CoCl 2 and further by siE2F6 but increased by E2F6 overexpression. HEK293 cells transfected with or without control vector, E2F6wt, NS, or siE2F6 were subjected to ChIP analysis by using antibodies of E2F6 and normal rabbit IgG, 24 h after CoCl 2 treatment (800 M). Then, 0.2% of the total input of each sample was subjected to PCR to show that equal amounts of starting input chromatin were used. NEO) with or without CoCl 2 treatment. These results confirmed that overexpression of E2F1 sensitizes cells to hypoxia-induced apoptosis. Interestingly, E2F6 overexpression could still partially reduce E2F-SV40-driven luciferase activity and apoptosis induced by CoCl 2 in stably E2F1-expressing cells. However, compared with HEK293-NEO, its inhibitory percentage significantly decreased from 90.4 Ϯ 4.1 to 46.0 Ϯ 1.8% on luciferase activity and from 52.0 Ϯ 1.3 to 30.3 Ϯ 3.6% on apoptosis evaluated by nuclear morphology; from 52.0 Ϯ 1.9 to 35.9 Ϯ 8.8% on apoptosis by TUNEL assay; and from 47.0 Ϯ 0.8 to 33.8 Ϯ 1.9% on apoptosis by caspase-3 activation assay ( Figure 5, A and B) . These results further confirmed that E2F6 inhibits hypoxia-induced E2F1 transactivation and subsequent apoptosis through the repression of E2F1 expression and other mechanisms in addition to its transcriptional repression of E2F1.
E2F6 Inhibits CoCl 2 -induced Apoptosis via Competing with E2F1 for the Target Promoter
Because E2F6 can bind to E2F recognition site to repress the activation of target genes by other E2F members through mechanisms that involve promoter competition (Kherrouche et al., 2001) , we proposed that E2F6 might repress hypoxia-induced E2F1 transactivation by competing with E2F1 for DNA binding sites, thereby inhibiting apoptosis. To test this, we performed ChIP assay to examine the effects of overexpression of E2F6 or its mutant E2F6⌬C (deletion of C-terminal repressive domain, amino acids 220 -281) and E2F6.E68 (a point mutant at DNA binding sites; Figure 6A ) on the recruitment of E2F1 to its direct target promoter of Apaf-1 ( Figure 6B ). Western blot analysis showed that the cells transfected with E2F6⌬C or E2F6.E68 had similar expression level of E2F6 as E2F6wt ( Figure 6A ). The Apaf-1 promoter was robustly enriched by the E2F1 antibody after CoCl 2 treatment, whereas the binding of E2F1 to Apaf-1 was significantly decreased by E2F6wt and partially by E2F6⌬C transfection, but not by vector and E2F6.E68 transfection ( Figure 6B ).
To determine whether E2F6 attenuates the recruitment of E2F1 to Apaf-1 promoter by associating with E2F1 protein, we performed coimmunoprecipitation assay in cells expressing E2F6wt with or without CoCl 2 treatment by using normal mouse and goat IgG (control), or anti-E2F6 and anti-E2F1 antibodies. E2F6 could not be detected in the complexes with anti-E2F1, nor was E2F1 observed in the E2F6 immunoprecipitates with or without CoCl 2 treatment ( Figure 6C ).
To confirm whether E2F6 physically interacts with the promoter of Apaf-1, ChIP assay was performed in cells transfected with or without vector, E2F6wt, or its mutants with or without CoCl 2 treatment (800 M; 24 h). As shown in Figure 6D , the association of E2F6 with Apaf-1 promoter decreased in cells transfected with or without Vector or E2F6.E68 after CoCl 2 treatment, whereas it was increased greatly in cells expressing E2F6wt or E2F6⌬C. Furthermore, we examined the transcription of Apaf-1 during CoCl 2 -induced apoptosis after transfection of E2F1wt, E2F6wt, or their mutants. Transcripts of Apaf-1 induced by CoCl 2 were further increased by E2F1wt transfection. Conversely, E2F6wt and transcriptionally inert E2F1 (1-374) greatly decreased CoCl 2 -induced up-regulation of Apaf-1 mRNA level. However, such inhibitory effect of E2F6 lost in E2F6.E68-expressing cells and partially remained in E2F6⌬C-expressing cells ( Figure 6E ). Meanwhile, we examined the effects of E2F6 and its mutants on CoCl 2 -induced apoptosis. As shown in Figure 6F , E2F6 overexpression significantly inhibited CoCl 2 -induced apoptosis and such inhibition totally disappeared in E2F6.E68-expressing cells, whereas partially reserved in E2F6⌬C-expressing cells. Based on the different behaviors of E2F6, E2F6⌬C, and E2F6.E68 in blocking the binding of E2F1 to its downstream promoter and in regulation of hypoxia-induced Apaf-1 transcription and apoptosis, we conclude that E2F6 represses E2F1 transactivation via competing with E2F1 for the DNA-binding site in proapoptotic Apaf-1 promoter, thereby inhibits hypoxia-induced apoptosis.
E2F6 Regulates E2F1 via its C-Terminal Repressive Domain and DNA Binding Activity
To further determine the importance of C-terminal repressive domain and DNA binding activity of E2F6 in the regulation of hypoxia-induced E2F1 activity and apoptosis, we examined the effects of two E2F6 mutants, E2F6⌬C and E2F6.E68, on E2F1 expression and transactivation during CoCl 2 -induced apoptosis. HEK293 cells with or without transfection of vector, E2F6wt, E2F6⌬C, or E2F6.E68 were treated with or without CoCl 2 (800 M). CoCl 2 -induced increase of E2F1 expression was significantly inhibited by E2F6wt, but not by E2F6⌬C and E2F6.E68 ( Figure 7A ). Moreover, E2F-SV40-driven luciferase activity induced by CoCl 2 was repressed significantly by E2F6wt and partially by E2F6⌬C, but not by E2F6.E68 ( Figure 7B ). These data confirm that DNA binding activity is essential for the inhibition of E2F1 by E2F6 during hypoxia-induced apoptosis, whereas the C terminus of E2F6 also contributes to the transcriptional repression of E2F1.
DISCUSSION
The present study demonstrates that 1) expression of E2F6 is down-regulated with a concurrent increase in E2F1 expression and transactivation during hypoxia-mimetic agent CoCl 2 -induced apoptosis in HEK293 cells; 2) ectopic expression of E2F6 inhibits CoCl 2 -induced apoptosis as well as up-regulation of E2F1 expression and transactivation, whereas RNA interference (RNAi)-mediated specific knockdown of E2F6 expression has opposite effects; 3) negative regulation of E2F6 on E2F1 expression is mediated by the transcriptional repression of E2F6 on E2F1 promoter; 4) the suppression of E2F6 on E2F1 transactivation involves the competition of E2F6 with E2F1 for the promoter of downstream proapoptotic gene Apaf-1; and 5) DNA binding activity is essential for the inhibitory effect of E2F6 on E2F1 and hypoxia-induced apoptosis, whereas C-terminal repressive domain also contributes to the inhibition of E2F6. These results confirm and extend our recent findings that E2F6 negatively regulates UV-induced apoptosis (Yang et al., 2007) , and they provide new insight into the functional role and regulatory mechanisms of E2F6 in hypoxia-induced apoptosis.
It has been shown that activation of E2F-dependent gene transcription is required for hypoxia-induced apoptosis (Hauck et al., 2002) . Because E2F6 is believed to repress E2F-responsive genes (Trimarchi and Lees 2002) , it may be implicated in the regulation of hypoxia-induced apoptosis. In this study, we observed that CoCl 2 -induced apoptosis is associated with down-regulated E2F6 expression in a doseand time-dependent manner. Ectopic expression of E2F6 significantly represses hypoxia-induced apoptosis, whereas RNAi-mediated E2F6 knockdown sensitizes cells to hypoxia-induced apoptosis (Figure 2 ). These observations are consistent with our recent findings of negative regulation of E2F6 in UV-induced apoptosis (Yang et al., 2007) . Downregulation of E2F6 may play an important role in tumor suppression and in radiotherapy by sensitizing damaged cells to death responses.
E2F1 mediates apoptosis caused by various stresses, including hypoxia (Field et al., 1996; DeGregori et al., 1997; Hauck et al., 2002) . Because E2F6 represses the activity of E2F1 promoter through recruiting the polycomb transcriptional repressor complex (Gaubatz et al., 1998; Trimarchi et al., 2001) , E2F6 may regulate apoptosis through E2F1. However, no study so far has directly demonstrated the func- Figure 6 . E2F6 inhibits hypoxia-induced E2F1 transactivation and subsequent apoptosis via competing for E2F1-responsive promoter Apaf-1. (A) Schematic representation of the E2F6 mutants used (left) and expression of E2F6wt, E2F6⌬C, and E2F6.E68 detected by Western blotting using an anti-hemagglutinin (HA) antibody 24 h after transfection (right). (B) HEK293 cells with or without transfection of vector, E2F6wt, E2F6⌬C, or E2F6.E68 were treated with or without CoCl 2 (800 M; 24 h). Treated cells were subjected to ChIP analysis, using antibody for E2F1 and normal mouse IgG, 24 h after CoCl 2 treatment (800 M). Then, 0.2% of the total input of each sample was subjected to PCR to show that equal amounts of starting input chromatin were used. (C) Association of E2F6 and E2F1 in cells expressing E2F6wt with or without CoCl 2 treatment. Cell lysates were immunoprecipitated with normal mouse IgG, normal goat IgG, anti-E2F6, and anti-E2F1 followed by immunoblotting with indicated antibodies. Original lysates were used for positive immunoblotting analysis. (D) Cells treated as described in B were also subjected to ChIP analysis, using antibody for E2F6 and normal goat IgG. (E) Cells with or without transfection of vector, E2F1wt, E2F1 (1-374), E2F6wt, E2F6⌬C, or E2F6.E68 were treated with or without CoCl 2 (800 M; 24 h). Transcripts of Apaf-1 were analyzed by RT-PCR. Similar results were obtained from three independent experiments. (F) Flow cytometric analysis (left) of propidium iodide-stained cells treated as described in B. Meanwhile, apoptosis was also evaluated by TUNEL assay (middle) and caspase-3 activation (right). n ϭ 3 each.
tional relationship between them during apoptosis. Here, we show that the expression of E2F6 was down-regulated with a concurrent increase in E2F1 expression during CoCl 2 -induced apoptosis. Combined with the results of overexpression and RNAi-mediated knockdown of E2F6, we conclude that the negative regulation of E2F6 on CoCl 2 -induced apoptosis correlates with its repression of E2F1 expression up-regulated by hypoxia. This is possibly mediated by the transcriptional repression of E2F6 on the E2F1 promoter (Gaubatz et al., 1998) . Such mechanism is confirmed by our observation that the recruitment of E2F6 to the E2F1 promoter is mitigated by CoCl 2 treatment and decreased further by siE2F6, but increased by E2F6 overexpression (Figure 4) . Therefore, up-regulation of E2F1 expression by hypoxia results from the reduced transrepression of E2F6, i.e., E2F6 inhibits hypoxia-induced apoptosis through the transcriptional repression of E2F1. Moreover, the observation of decreased antiapoptotic ability of E2F6 in cells stably expressing E2F1 further confirms the regulation of apoptosis by E2F6 via alteration of E2F1 expression. In addition, the regulation of E2F6 on E2F1 expression during apoptosis requires its C-terminal repressive domain and DNA binding activity because both E2F6.E68 with mutant DNA binding sites and E2F6⌬C with deletion of C-terminal repressive domain are unable to repress E2F1 expression ( Figure 7A ). This result is consistent with the report that transcriptional repression of E2F6 depends on the integrity of a C-terminal repression domain and on its DNA binding activity (Gaubatz et al., 1998) .
Transcriptional activation and derepression of E2F-regulated promoters are involved in hypoxia-induced apoptosis (Hauck et al., 2002) . Similar observation is obtained in the present study. We further observed that the antiapoptotic roles of E2F6 involve significant suppression of the transactivation of E2F1. Transrepression of E2F1-controlled genes is reported to be beneficial to cellular survival (Hauck et al., 2002; Ma et al., 2003; Rogoff et al., 2004) . In this regard, the repression of E2F1 transactivation by E2F6 would contribute to its antiapoptotic activity. Such repression could be a consequence of decreased expression of E2F1 by E2F6. In contrast, hypoxia-induced down-regulation of E2F6 would increase E2F1 expression and subsequent transactivation, and thereby promote the apoptotic response to hypoxia.
Interestingly, E2F6 could still partially repress hypoxiainduced E2F1 transactivation and subsequent apoptosis when E2F1 overexpressed. This suggests that E2F6-inhibition of E2F1 transactivation is not only a consequence of decreased expression of E2F1. As we know, E2F6 possesses high DNA binding activity, displaying a preference for a TTTCCCGC E2F recognition site, which is slightly different from the E2F consensus site derived from the E2 promoter (TTTCGCGC) (Cartwright et al., 1998; Trimarchi et al., 1998) . Thus, E2F6 can compete with other E2F proteins for the same DNA binding site and inhibit the activation of E2F-responsive promoter as a dominant-negative repressor (Gaubatz et al., 1998) . Here, we further confirmed that E2F6 regulates hypoxia-induced E2F1 transactivation and apoptosis by competing with E2F1 for E2F1-responsive proapoptotic promoters. The results of ChIP assay with anti-E2F6 antibody showed that E2F6 can physically interact with Apaf-1 promoter during hypoxia. This interpreted the observation that the recruitment of E2F1 to the promoter of downstream proapoptotic gene Apaf-1 is significantly mitigated by E2F6wt overexpression and partially by E2F6⌬C overexpression, but not by E2F6.E68 overexpression. No effect of E2F6.E68 on the binding of E2F1 to Apaf-1 promoter could be explained by the loss of E2F6 DNA binding activity that seems to be necessary for the competition with E2F1 at its recognition site and for transcriptional repression (Gaubatz et al., 1998; Trimarchi et al., 2001) . The partial inhibition of E2F6⌬C on the binding of E2F1 to Apaf-1 promoter can be interpreted by lack of the C-terminal repressive domain that is required for the down-regulation of E2F1 expression by E2F6 (Gaubatz et al., 1998; Trimarchi et al., 2001; Kherrouche et al., 2001) . However, E2F6⌬C still preserves DNA binding activity that is essential for the competition with E2F proteins (Cartwright et al., 1998; Gaubatz et al., 1998) . The decreased recruitment of E2F1 to the promoter by E2F6 might also be involved in the block of the binding sites of E2F1 with Apaf-1 promoter by E2F6 via its associating with E2F1 protein. However, our coimmunoprecipitation experiments indicate that E2F6 could not interact with E2F1 protein no matter with or without CoCl 2 treatment. Moreover, hypoxia-induced up-regulation of Apaf-1 transcription and subsequent apoptosis are reduced by E2F6wt overexpression and partially by E2F6⌬C overexpression, but not by E2F6.E68 overexpression, a consistent observation with the results from our ChIP assays. E2F1 directly activates the expression of the Apaf-1 gene (Furukawa et al., 2002) . During apoptosis, Apaf-1 assembles with cytochrome c, a mitochondrial protein released upon apoptotic signals, and activates procaspase-9, leading to the activation of downstream effector caspases, including caspase-3, caspase-6, and caspase-7 Furukawa et al., 2002) . The observation of the alteration of Apaf-1 transcription provides functional evidence for the competitive inhibition of E2F1 transactivation by E2F6 clarified by ChIP assay and also suggests that the down-regulation of Apaf-1 is also involved in the antiapoptotic roles of E2F6.
In conclusion, we demonstrate here that E2F6 negatively regulates hypoxia-induced apoptosis via control of E2F1 in HEK293 cells (Figure 8 ). Down-regulation of E2F6 sensitizes cells to hypoxia-induced apoptosis by increasing the expression and transactivation of E2F1 and subsequently up-regulating E2F1-dependent proapoptotic genes. The regulation of E2F6 to E2F1 transactivation is mediated not only by the transrepression of E2F1 expression via its C-terminal repressive domain but also by the competition with E2F1 for DNA binding sites. The potential roles of E2F6 in tumor suppression with severe tumor hypoxia via its modulation of E2F1 remain to be examined. 
